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Abstract
It is possible that isospin violating dynamical eects are amplied due to
coherence if a disoriented chiral condensate (or other sources of a coherent
pion state) is formed in a heavy ion collison. It is shown explicitly that altering
the isospin of the coherent state by order of one unit can change the number of

0
's in the condensate by some nite fraction of the total number. A possible
signature of such amplied isospin violating eects is that the ratio of neutral
to charged low p
T
pions averaged over many events may dier markedly from
1/2. Such a signal would not be washed out if multiple domains of coherent
pions form.
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There has been much recent speculation about the possible formation of regions of co-
herent or classical pion states in ultrarelativistic heavy-ion collisions [1{10,?,12{22,?,24,27].
The usual context for such discussions is the disoriented chiral condensate (DC) scenario
[4{13,?,15{24,27].
It is generally assumed that the pions emerging from such states will be seen at low
p
T
and that the experimental study of low p
T
may provide experimental signatures of such
states. This letter will focus on isospin violating eects, which heretofore have been neglected
in these studies. Such eects arise from electromagnetic interactions and due to the mass
dierence of the up and down quarks. In most strong interaction problems (except for
problems where the total electric charges are large) it is quite reasonable to neglect these
eects since they are typically very small compared to the isospin conserving eects. In
this letter, however, it will be argued that isospin violating eects might radically alter the
phenomenological predictions of a DC or other sources of coherent pion state.
The reason why apparently small isospin violating interactions can yield large eects
is quite simple: the coherent nature of the states may amplify the eect of the isospin
violation so that rather modest isospin admixtures into the wave function can have large
consequences. The eects become particularly interesting if the admixtures grow with the
number of particles in the condensate. In this case, the average ratio of charged to neutral,
low p
T
, pions may dier markedly from 1/3. This a signal which will not be washed out
even if multiple uncorrelated regions of coherent pions form.
Consider as a concrete example the situation in which a single domain of coherent pions
is formed which has an expectation value of N pions where N is large. One natural quantity
to study is R  N
0
=N , where N
0
is the number of 
0
's in the condensed state and N is the
total number of pions. If there are no sources of isospin violation and the coherent state is
a pure isoscalar, then one nds that for large N the probability that the R will be found in
some interval dR is [3,5,6,9]


























Suppose, however, that the isospin carried by the coherent pions is not exactly zero, how
much of an alteration would one nd in eq. (1)? A naive guess is that if the total isospin
carried by the coherent state is much less than the number of pions in the state, then the
eect is small. Since each pion carries a single unit of isospin, under normal circumstances
one can alter the isospin of a system of N pions by one unit by simply changing the isospin
of a single pion. Thus, changing a system of N pions by one unit of isospin would normally
be a 1=N eect on the entire system: one expects to change the number of 
0
's by order
of one. However, in a coherent state of pions the isospin of a single pion cannot be altered
in isolation. The consequence of this is that changing the isospin of the system by one
unit typically changes the number of 
0
by order of aN units, where a is less than 1 and





i|is 1/3 N , while, as will be shown below, if the state is a purely chargeless I = 1 state,
then hN
0
i = 3=5N . Thus, the coherent nature of the state has amplied the eect of a
single unit of isospin into something proportional to N . Of course, isospin violations are not
expected to lead to states with good isospin|rather one expects admixtures of components
with various isospins. In this letter, it will be shown that rather small admixtures can lead
to large changes in the distribution of the number of neutral pions. If the probability for
having I 6= 0 components grows with N then the eect becomes quite dramatic.
It should be noted that the idea that isospin admixtures of order unity can yield eects of
order N when one has coherent pions has been considered previously in a dierent context:
such eects are seen in calculations of pp annihilation done in the context of the large
N
c
QCD or the Skyrme model [28,29]. In that problem the isospin admixture happens
because the initial state is not pure isospin. What is novel about the present suggestion is
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that these eects can come about due to isospin violating interactions which are normally
neglected and, more importantly, that they can lead to clear signatures of coherent pions in
ultarelativistic heavy ion collisions.
This letter will focus on the problem of isospin admixtures which keep the charge xed
at zero. The reason for this is obvious: although isospin is violated to some degree, charge
is absolutely conserved. Thus, if a charge neutral state would be produced in the absence
of isospin violations, isospin violations will not cause the state to develop a charge.
Clearly, since this letter proposes to study quantum mechanical admixtures of isospin,
a model quantum mechanical state is required. The usual way to associate a classical eld
with a quantum state is via a coherent state [30]. First consider the coherent state associated
with a single scalar (or psuedoscalar) eld. To dene this one starts by dening creation
















































. The expection value of the
number of particles in this state is simply jj
2
. The second version of eq. (4) is illuminating;
one could have dened some generalized coherent state with dierent c
;m
. So long as the
system is truly semiclassical, the precise form of these coecients should be irrelevant so
long as they are centered around 
2
= N and spread with large weight over many states
around this point.
Now suppose one had an isotriplet of scalar (or pseudoscalar) elds with a xed spatial
distribution. The coherent state is now parameterized by three c numbers which transform
as an isovector, which can be denoted as
~







































, and for notational convenience the subscript  indicating the
spatial shape has been dropped.
Note that for any nonzero
~
, the coherent state is not an eigenstate of isospin. This
raises an important question: how can one associate a physical state with good isospin with
a classical eld or coherent state. The answer is clear: one must project the coherent state
onto states of good isospin or, equivalently, construct states which are appropriate weighted
averages of coherent states pointing in various isospin directions. Much of the work on
the subject has assumed that the physical state of interest (if isospin violating dynamics
is neglected) is an I = 0 projection of the coherent state [6,9]. For the sake of concrete-
ness and simplicity, this picture will be assumed to be correct (neglecting isospin violating
interactions) in this letter. In subsequent work, a more general case will be considered in
which even neglecting isospin violating interactions the condensate carries nonzero isospin;
however, it is strongly correlated with the isospin carried by the other particles in the system
yielding a net isoscalar as in the scenario discussed in ref. [20].
Consider a normalized isospin projected coherent state. Such a state is parameterized by
the magnitude of  along with I and I
3
. This is obtained trivially from the original coherent
states by integrating over isospin directions. This is done most simply by writing the
~
 = n^


















is an overall normalization factor.
If one considers a scenario in which I = 0 for the condensate, and goes to the situation
where   1 (which implies N  1), then after some straightforward algebra one obtains
the distribution in eq. (1). Now consider the possibility that the state is not a pure isoscalar
but that it includes admixtures of chargeless (I
3
















= 1. Such admixtures are presumed to arise from isospin violating dynamics.
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The principal result of this letter is that given such admixtures in place of eq. (1), the
probability distribution for R, the ratio of neutral to total pions in the condensed state, for
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Legendre polynomial. Equation (8) is quite easy to derive if one exploits










As  increases, this function becomes increasingly strongly peaked for the two directions
to be aligned. This reduces the two integrals needed in the projections of the bra and ket
states (from eq. (6)) into a single eective integral for large , and eq. (8) follows in a
straightforward way.
The consequences of eq. (8) are rather far reaching. Even small admixtures of I 6= 0
components can alter P (R) signcantly. As an example consider the case where the wave
function has two components, I = 2 along with I = 0. The probability distribution, P (R),
is plotted for this case in g. 1. One sees plainly that even when the I = 2 components have
a probability of a few percent, the probalibility distributions are markedly dierent from the
pure I = 0 case.
Of course, since P (R) including I 6= 0 admixtures diers from the I = 0 case, one nds
immediately that the various moments of the distribution also dier. Of particular interest
is the rst moment, hRi. If the state is a superposition of isospin projected coherent states
































In g. 2 the expectation value of R is shown for states with I = 0 and I = 2 components.
One sees that as one increases the probability of the I = 2 component, hRi begins to dier
substantially from 1/3.
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The reason that hRi is a particularly signicant quantity is that it provides a possible
signature which survives even if multiple regions of coherent pions are formed. For the
pure I = 0 case, hRi = 1=3 which is exactly the same as one nds in a purely statistical
model in which pions are emitted without correlations. The signature which dierentiates
an I = 0 source of coherent pions from statistical emission are the higher moments of the
distribution: a source of coherent pions will give far larger uctuations around the mean than
purely statistical emission. Unfortunately, such a signature will be greatly diluted if there
are multiple and uncorrelated regions of coherent pions [17]. Since there is no experimental
way to tag which pions come from which region, all one can experimentally see is the net
distribution from all regions (contaminated by \accidental" low p
T
statistical pions from
other sources). Such a combined distribution will have smaller uctuations around the
mean and if the number of regions becomes large, then the distribution will be sharply
peaked about 1=3 in accordance with the central limit theorem. Thus, as a practical matter
it may be dicult to distinguish a distribution arising from multiple regions of coherent
pions from a statistical distribution.
In contrast, if isospin violations yield a mean value of R substantially dierent than 1/3,
this signal will not vanish if multiple regions form. Experimentally, one would measure the
number of low p
T
charged and neutral pions for a large number of collisions and simply take
the ratio. Of course, for such a signal to be unambiguous, the measured value of hRi must be
substantially dierent from 1/3. There is isospin violation in the statistical processes as well.
For example, in a statistical model, the phase space dierences due to the mass dierences
between the charge and neutral pions can easily give rise to deviations from 1/3|one might
expect such eects to enhance hRi by about .01; other sources of isospin violation might
contribute similarly. Thus, to have a denitive signature one would need to have hRi dier
from 1/3 by several percent.
Assuming regions of coherent pions do form, does one expect admixtures of nonzero
isospin to be large enough to alter hRi in an unambiguous way? Of course, this question
cannot be answered denitively in the absence of a detailed dynamical description of how
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the coherent state gets formed. At the present time there is no such description. It is useful,
however, to consider some very general issues. Suppose the characteristic fractional eect of
isospin violation on some strong interaction process is , where  is perhaps of the order of
a couple of percent. Clearly isospin admixtures in a coherent state with an amplitude of 
will be dicult to distinguish from statistical processes with isospin violations of the same
order. However, if the isospin admixtures in the coherent state are characteristically larger
than order , then hRi may dier from 1/3 by more than order . If the admixtures of I 6= 0
components grow with the number of pions in the condensed state, then, even for modest
N , one should expect hRi to dier from 1/3 by more than order .
Thus, the question boils down to whether the admixtures of I 6= 0 grow with N . This is
not implausible. First, note that in the dynamics of ordinary processes which do not involve
coherent states the I = 0 component typically degrades linearly with N for small N| each
additional particle contributes to the isospin breaking; for large N , the I = 0 component
becomes small. Of course, this does not prove conclusively that the same thing will occur for
the dynamics of coherence states since the coherence could conceivably suppress this eect.
It is, however, highly suggestive.
There is another suggestive argument. First consider the form of a coherent state pro-
jected on xed particle number N and I = 0. It is straightforward to show that such a state
can be written as



















One can view such a state as being a condensed state of I = 0 pairs of pions rather than a












. Note this number and
isospin projected coherent state reproduces the probability distribution in eq. (1) when N
is large. It is natural to suppose that in the presence of isospin violating interactions the
state remains a condensed state of chargeless pairs of pions but that pairs are no longer pure
I = 0:


















where N is a normalization constant. The exponentiated form e

is chosen rather than
1 +  since it leads to a simple nal result. Clearly for small  it makes no dierence. It
is reasonable to conjecture that  is of order of the typical isospin violating amplitude and
is independent of N . If this is true, then one sees immediately that the I 6= 0 amplitude
clearly grows with N .
If the isospin-mixed-number-projected coherent state is the one given in eq. (11), then a
straightforward calculation for large N gives that probability distribution for R for a state
















It is worth commenting on a few attributes of this distribution. The rst is that it depends
only on the product N rather than on  and N separately. This clearly indicates that
isospin violating eects parameterized by  grow with N . Secondly one sees that for  > 0
the distribution tends to weigh a larger value of R more heavily and if N is large and
positive the distribution is strongly peaked at R = 1. Similarly, negative 's emphasize
small values of R and if N is large and negative the distribution is strongly peaked at
R = 0.




















This function is plotted versus N in g. 3. As expected the function goes to 1 (zero) for
large postive (negative) values of N. Of course seeing hRi being nearly 1 or zero would
be a truly spectacular signature. For this to occur, however, requires N jj  1 which for
reasonable values of  requires N to be several hundred which is probably unlikely in most
scenerios. For relatively small values of N , there is an approximately linear relationship
with hRi
N
 1=3+N=5. Thus, if N were a few tens of particles or larger, one should have
hRi suciently far from 1/3 to give a clean signature provided  is not unnaturally small.
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It is worth noting that N has to be fairly large in order to get a major eect. This is due
to the fact that for small N the eect is proportional N=5; the numerical factor of 1=5 is
non-neglible.
To summarize the situation: if a source of coherent pions such as a disoriented chiral
condensate forms in a heavy ion reaction, one expects isospin violating interactions to alter
the distribution of the ratio of neutral to total pions in the condensate, R. If isospin violating
eects cause admixtures of I 6= 0 components with a probability of even a few percent,
the resultant distribution can be characteristically dierent from the R
 1=2
=2 distribution
expected in the absence of isospin violation. Moreover, if the probability of I 6= 0 components
grows with the number of particles in the condensate as seen, for example, in the state of
eq. (11), then the expectation value of R can be signicantly dierent from 1/3 providing
a very convincing signature for coherent pions. Such a signature will not be washed out if
multiple regions of coherent pions form. In the extreme case of very large N , hRi would
approach either zero or 1.
Of course, all of this is quite speculative|the entire idea that large regions of DC (or
some other source of coherent pions) forms is merely a conjecture at present. This letter
shows clearly that coherence can amplify the eect of admixtures of I 6= 0 states; admixtures
which change the average isospin of the system by order of one unit can change the expected
number of 
0
's by order of N . However, this letter provides no particular insight into
the amount of such admixtures one ought to expect from the dynamics. However, if one
makes a not unreasonable speculation that if such coherent states do form, that the I 6= 0
components increase with N (as for example in eq. (11)), then one sees a striking eect in
the expectation value of the ratio of charged to neutral, low p
T
pions, provided the number
of pions in the coherent state is not too small. If such an eect were observed it would be
compelling evidence for coherent pions.
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FIG. 1. The probability distribution as a function of R, the ratio of charged to neutral pions in
the condensed state based on eq. (8). The solid curve is based on a pure I = 0 state, (i.e., 
j
= 0
for j 6= 0). The dashed and dot-dashed curves are based on states which are I = 0 except for an
admixture I = 2 with a probability of .03. The dashed (dot-dashed) curve corresponds to 
0
with
the same (opposite) sign as 
2
.
FIG. 2. The expectation value of R for coherent states with only I = 0 and I = 2 components,






, the probability of the I = 2 admixture. The solid (dashed) curve
correspond to 
0
with the opposite (same) sign as 
2
.
FIG. 3. The expectation value of R for the states in eq. (11) as a functionN.
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